We propose using a Stark interference technique to directly measure the oddparity c 0j components of the electron sector cµν tensor of the Standard-Model Extension. This technique has been shown to be a sensitive probe of parity violation in atomic dysprosium in a low-energy, tabletop experiment, and may also be straightforwardly applied to test Lorentz invariance. We estimate that such an experiment may be sensitive to c 0j coefficients as small as 10 −18 .
Introduction
Tests of Lorentz invariance in atomic systems typically hinge on detecting small energy shifts of bound states of elementary particles, due to the coupling of a Lorentz violating field to either the particle spin 1,2 or momentum. 3, 4 Spectroscopic measurement of the energy difference between the nearly degenerate, opposite-parity states [Xe]4f 10 5d6s, J = 10 (state A) and [Xe]4f 9 5d 2 6s, J = 10 (state B) in atomic dysprosium (Dy) has been shown to be a sensitive probe of the parity-even c jk components of the Standard-Model Extension's (SME) electron-sector c µν tensor. 4 These coefficients shift the energy of bound electrons in direct proportion to the expectation value ofp jpk , wherep j is the sum of the j-components of their momentum. This energy shift modulates as a function of the electrons' orientation and velocity with respect to an inertial frame, and their position in an external gravitational potential. [5] [6] [7] Such experiments are best suited as probes of the rotational symmetry-breaking c JK components of the c µν tensor in the Sun-centered celestial equatorial frame (SCCEF), but are also indirectly sensitive to the parity-odd c T J terms, which contribute to the terrestrial laboratory-frame observable c jk in proportion to the Earth's boost velocity β ≈ 10 −4 with respect to the Sun. 8 Currently, the most stringent bounds on the parity-odd c T J components are kinematic constraints from the observation of highly boosted laboratory 9 or astrophysical 10 sources. We propose a low-energy atomic physics experiment that would be directly sensitive to the parity-odd components of the c µν tensor. The nonrelativistic quantum Hamiltonian derived in Ref. 11 includes the term
where m is the electron mass, c is the speed of light, c (0j) indicates the symmetric combination c 0j + c j0 , and
is the total electron momentum projection along the j-axis. The a j −me j ≡ (a eff ) j component of this term is unobservable in non-gravitational tests of flavor-conserving systems, as it can be removed from the fully relativistic theory by redefinition of the electron wave function's global phase.
12 Note however that should these terms describe a field with a non-metric coupling to gravity, they may be observable in experiments performed within a gravitational potential.
6 This possibility will be explored elsewhere. Here, we will focus on the c (0j) coefficients, which give rise to observable effects in non-gravitational experiments. These terms are typically ignored in spectroscopic tests of Lorentz invariance because the expectation value of the odd-parity operatorp j is zero for any bound state. These terms do, however, contribute to the Hamiltonian matrix element between two states of opposite parity, and weakly drive transitions between different states. The c (0j) terms can be thus be measured using experimental methods developed to detect small parity-violating matrix elements induced by electron-nucleon interactions mediated by Z 0 bosons.
13,14
The Stark interference technique used to measure parity violation in atoms relies on observing interference between the transition amplitude induced by parity-violation and that induced by an oscillating electric field.
14,15 Consider again the opposite-parity states in dysprosium. In 163 Dy the nuclear spin is I = 5/2 and the energy difference between the F = 10.5 hyperfine levels of state A and state B is only 3.1 MHz. The difference of Landé g-factors between states A and B allows sublevels of equal angularmomentum projection, m F , to be brought to complete degeneracy with a modest magnetic field of less than 2 G, as shown in Fig. 1 . Near these degeneracies, the Hamiltonian for the two near-degenerate states, coupled to one another by an applied electric field E(t) = E 0 cos ωt, reduces to that of a two level system, and can be represented by the matrix where γ A is the inverse lifetime of state A (B is assumed to be metastable), ∆ is the residual energy difference between the states, d is the electric-dipole matrix element connecting the states, H w is the conventional parity-violating matrix element between the two states, W j = A, m F |c∂ xj |B, m F , and sums are implied on repeated indexes. This Hamiltonian is identical to that of Ref. 14, where the Lorentz-violating c (0j) W j augments the parity-odd matrix element H w . Although the oddparity matrix element H w + c (0j) W j is too small to significantly drive transitions by itself, it can interfere with the electric field induced transition amplitude, modifying the probability of the B → A transition with a term proportional to E 0 d(H w − c (0j) W j ). The detailed procedure for measuring H w , and hence c (0j) W j , can be found in Ref. 14 and is not reproduced here. The only distinction is that c (0j) W j can be modulated by rotation of the atoms' quantization axis or of the laboratory frame, which makes it distinguishable from conventional parity violating signals.
To constrain c (0j) with this method requires calculation of the W j matrix elements, which in turn requires evaluation of the many-body electron wave function of the states A and B, as in Ref. 4 9 5d 2 6s). We assume that the relevant matrix element is that between the 4f and 5d orbitals, and find that 4f |c∂ x3 |5d ∼ 0.01 ca
16 Hz, where a 0 is the Bohr radius.
The magnitude of the parity violating matrix element H w in Dy was constrained to be |H w | 5 Hz in Ref. 14, limited by the available statistics. A search for orientation-dependent variations in the parity-violating matrix element with the same precision could constrain the c (0j) terms at the level of 10 −16 , which would be competitive with astrophysical bounds. 16 Note that this estimate neglects possible enhancements due to the large nuclear charge, Z = 66, of Dy. Using the apparatus of Ref. 4 , with minimal changes, a new experiment should shrink this statistical limit by a factor of > 50. This could allow us to detect parity-odd, c (0j) coefficients as small as 10
with a low-energy tabletop experiment. We caution that this is contingent on our estimate of the matrix elements A| W j | B for dysprosium. A full calculation of these matrix elements will be the subject of future work.
